The direction of auxin transport changes in gravistimulated roots, causing auxin accumulation in the lower side of horizontally reoriented roots. This study found that auxin was similarly involved in hydrotropism and gravitropism in rice and pea roots, but hydrotropism in Lotus japonicus roots was independent of both auxin transport and response. Application of either auxin transport inhibitors or an auxin response inhibitor decreased both hydrotropism and gravitropism in rice roots, and reduced hydrotropism in pea roots. However, Lotus roots treated with these inhibitors showed reduced gravitropism but an unaltered or an enhanced hydrotropic response. Inhibiting auxin biosynthesis substantially reduced both tropisms in rice and Lotus roots. Removing the final 0.2 mm (including the root cap) from the root tip inhibited gravitropism but not hydrotropism in rice seedling roots. These results suggested that modes of auxin involvement in hydrotropism differed between plant species. In rice roots, although auxin transport and responses were required for both gravitropism and hydrotropism, the root cap was involved in the auxin regulation of gravitropism but not hydrotropism. Hydrotropism in Lotus roots, however, may be regulated by a novel mechanism that is independent of both auxin transport and the TIR1/AFBs auxin response pathway.
Introduction
Plants encounter various stressful environments during their lifetimes, but their sessile nature means they cannot escape from unfavorable conditions. Over the course of their evolution, plants have developed unique strategies for stress mitigation or adaptation to their surroundings. One of these strategies, tropism, is the directional growth of plant organs in response to external stimuli, such as gravity, unilateral light, touch, and moisture gradients. Much research has been conducted on gravitropism and phototropism in particular, and this has revealed a variety of key players or molecular mechanisms for these two tropisms. Of the main regulators of plant growth, auxin is a major factor responsible for these tropic responses, and the Cholodny-Went theory explains how auxin redistribution regulates the bending response in phototropism and gravitropism (Went and Thimann, 1937) . When plant organs are gravitropically stimulated by reorienting them to the horizontal, auxin is transported to the lower side, where it accumulates; likewise, in phototropically stimulated shoots, auxin is transported to, and accumulates at, the shaded side. An asymmetric redistribution of auxin is therefore established, which induces differential growth and thus the bending response. It is generally hypothesized that a higher level of auxin accelerates cell expansion growth in aboveground tissues and inhibits it in underground tissues, and thus it is differential sensitivity to auxin between tissues that accounts for the upward bending of shoots and downward bending of roots following auxin redistribution in gravistimulated plants. There is a substantial body of evidence supporting this hypothesis (Young et al., 1990; Philippar et al., 1999; Ottenschläger et al., 2003; Haga and Iino, 2006) . Some mechanistic aspects of graviperception and auxin transport in Arabidopsis [Arabidopsis thaliana (L.) Heynh.] have been revealed over the last few decades (Strohm et al., 2012) . Columella cells in the root cap of gravistimulated roots perceive gravity, which causes a change in auxin transport and asymmetric auxin distribution. Following graviperception in Arabidopsis roots, PIN-FORMED3/PIN-FORMED7 (PIN3/PIN7) auxin efflux carriers localized in the columella cells play an important role in transporting auxin to the lower side of the gravistimulated root caps. The PIN2 auxin efflux carrier, localized in the epidermis, subsequently transports auxin basipetally from the root cap to the lower side of the elongation zone. This redistribution of auxin causes differential growth of roots and thus their downward bending, as cell expansion growth becomes relatively less in the lower than in the upper side of the elongation zone. This manner of involvement of auxin in root gravitropism is considered to be common across plant species. Jaffe et al. (1985) showed that seedling roots of the gravitropism-defective pea mutant ageotropum unequivocally exhibited hydrotropism. It was later shown that even the roots of wild-type pea plants exhibited hydrotropism in response to a moisture gradient when seedlings were rotated by a clinostat to randomize the directions of gravity perceived by the plants (Takahashi et al., 1996) . A similar result was also obtained with cucumber seedlings: the roots showed a hydrotropic response when seedlings were clinorotated in the presence of moisture gradients (Mizuno et al., 2002 ). These results demonstrate that, on Earth, the gravitropic response interferes with hydrotropism, and imply that the gravitropic response must be impaired or reduced before observing hydrotropism in these plant species. Mizuno et al. (2002) examined the involvement of auxin in root hydrotropism in clinorotated cucumber seedlings. They found that expression of the auxin-inducible gene CsIAA1 became much higher on the moistened side of the roots than on the opposite side during their hydrotropic response. This indicated a greater auxin accumulation in the moistened (concave) side compared with the opposite (convex) side of the hydrotropically responding roots of cucumber. Arabidopsis roots, in contrast, easily show hydrotropism in response to moisture or water-potential gradients, even under stationary conditions . Such experiments with Arabidopsis uncovered the genes MIZU-KUSSEI1 (MIZ1) and MIZ2, which are indispensable for hydrotropism Miyazawa et al., 2009; Moriwaki et al., 2013) .
The regulatory mechanism of hydrotropism in Arabidopsis roots, however, differs from that found in cucumber roots. Transgenic Arabidopsis plants containing the auxin reporter DR5-uidA and an auxin sensor DII-VENUS suggested that auxin asymmetry is not established following hydrotropic stimulation of Arabidopsis roots Shkolnik et al., 2016) . Moreover, Arabidopsis roots treated with auxin transport inhibitors showed significant decreases in gravitropism but not in hydrotropism (Kaneyasu et al., 2007) . Roots of the pin2 and aux1 Arabidopsis mutants were impaired in gravitropism but showed substantial hydrotropism . Shkolnik et al. (2016) reported that Arabidopsis roots treated with inhibitors of auxin transport or auxin antagonists accelerated the hydrotropic response. As Arabidopsis roots do not require asymmetric auxin transport or distribution to induce hydrotropism, the dependency of hydrotropism on auxin is likely to differ from that of other plant species. The details underlying differences in the regulatory mechanism for root hydrotropism between species, as well as the mode of auxin involvement in hydrotropism, are still obscure.
To understand these differences in the regulatory mechanisms of root hydrotropism between plant species, and also how auxin regulates root hydrotropism, we conducted experiments in rice (Oryza sativa; monocots; family: Poaceae) and Lotus (Lotus japonicus; dicots; family: Fabaseae). These plants are useful models for the molecular dissection of hydrotropism, as well as for the application of hydrotropism to agricultural purposes. The genome sequences of both species have been determined (International Rice Genome Sequencing Project, 2005; Sato et al., 2008) and DNA-tagged lines have been established (Hsing et al., 2007;  https://www. legumebase.brc.miyazaki-u.ac.jp/lotus/). The land plant, L. japonicus, has recently attracted considerable attention as a model plant for genomic studies in legumes, particularly with reference to rhizobial and arbuscular mycorrhizal symbiosis, because of its small genome size (~470 Mb). This species has a diploid genome with six haploid chromosomes, a short life cycle (~3-4 months), and a perennial nature. It can be easily transformed using Agrobacterium-based protocols (Handberg and Stougaard, 1992) . In addition, a variety of genetic tools are available for L. japonicus (Hayashi et al., 2001; Perry et al. 2003; Kawaguchi et al., 2005 ; http://www. kazusa.or.jp/lotus/index.html).
We investigated the effects on hydrotropic responses of various inhibitors of auxin influx, efflux, and biosynthesis, as well as of the response to auxin, and compared the effects of these inhibitors on gravitropism in the roots of rice and Lotus. We also studied an agravitropic mutant of pea (Pisum sativum; dicots; family: Fabaceae), as we have previously reported that application of an inhibitor of auxin transport reduces the hydrotropic response in this species (Takahashi and Suge, 1991) . Finally, we compared the roles played by the root cap in hydrotropism and gravitropism of rice roots, discussing auxin transport and distribution in the two tropisms.
Materials and methods

Plant materials and growth conditions
Seeds of rice (Oryza sativa L. cv. Nipponbare) were kindly provided by Dr Tomoyuki Yamaya (Graduate School of Agricultural Science, Tohoku University) and Dr Seiichi Toki (National Institute of Agrobiological Sciences). Rice plants were cultivated for seed propagation at the Kashimadai Farm of our graduate school (Kashimadai, Ohsaki-shi, Miyagi, Japan). Seeds of Lotus (Lotus japonicus L. cv. Miyakojima MG-20) were obtained from NBRP Legume Base (Miyazaki University, Miyazaki-shi, Miyazaki, Japan).
Rice seed husks and Lotus seed coats were removed before use. Rice seeds were surface-sterilized with 70% (v/v) ethanol for 30 s and then with 5% (v/v) hypochlorous acid for 30 min, and washed with distilled water five times. Following imbibition for 1 d, surface-sterilized rice seeds were germinated on N6 medium plates containing 3% (w/v) sucrose and 0.4% (w/v) gellan gum. Lotus seeds were surface-sterilized with 10% (v/v) hypochlorous acid and 0.02% (v/v) Tween-20 for 20 min and washed with distilled water five times. Following imbibition for 2-3 h, surface-sterilized Lotus seeds were germinated on B&D medium plates containing 1% (w/v) gellan gum (Broughton and Dilworth, 1971; Chu et al., 1975 ) for rice and in the dark for Lotus. Seedlings with straight roots 10-20 mm in length were used in experiments.
Seeds of the pea mutant ageotropum were propagated in the field on Ajishima Island (Ishinomaki-shi, Miyagi, Japan). Pea seeds were surface-sterilized with 70% (v/v) ethanol for 1 min and washed twice with distilled water. This surface sterilization and washing was repeated twice. Seeds were germinated on wet filter papers in plastic containers (257 × 173 × 45 mm) at 23 °C in the dark for 3-4 d. Pea seedlings with straight roots 15-20 mm in length were used in experiments.
Gravitropism assay
Seedlings with straight roots 10-20 mm in length were placed vertically on 1% (w/v) agar plates in a plastic container (80 × 80 × 15 mm). Seedlings were gravistimulated by reorienting the container by 90° and then incubated for the indicated period of time at 25 °C (rice) or 23 °C (Lotus) in the dark (Fig. 1) . In some experiments, elongation growth and curvature were measured in a time-course study. A scanner (CanoScan 8800F; Canon, Tokyo, Japan) was used to obtain images of seedlings on agar plates before and after gravistimulation, and root length and curvature were measured using ImageJ version 1.44 software (NIH, Bethesda, MD, USA; http://imagej.nih.gov/ij/). Root growth and curvature were calculated by subtracting the measurements obtained before gravistimulation from those obtained after gravistimulation.
Hydrotropism assay
Hydrotropism assays (Fig. 1) were performed according to the methodology described by Takahashi et al. (2002) and Kaneyasu et al. (2007) . Briefly, the seedlings were placed in a vertical position on 1% (w/v) agar (Wako Chemical Co., Osaka, Japan) plates in plastic containers (100 × 140 × 15 mm), with the roots tips (~0.3 mm for Lotus and 1 mm for rice) suspended over the edge of the plate. A container with seedlings was placed at each side of an acrylic chamber (200 × 250 × 220 mm), and a further container (60 × 210 × 150 mm) containing a saturated solution of K 2 CO 3 was placed in the middle of the chamber to establish moisture gradients between the agar plates and the K 2 CO 3 solution in the closed chamber. After incubation for the indicated period of time at 25 °C (rice) or 23 °C (Lotus) in the dark, seedlings were photographed under a stereomicroscope (SZX12; Olympus, Tokyo, Japan) using a digital camera (DP70; Olympus). Root length and curvature were measured from these photographs using ImageJ and calculated by subtracting the measurements obtained before hydrostimulation from those obtained after hydrostimulation. In some experiments, elongation growth and curvature were measured in a time-course study.
The methodology of Takano et al. (1995) was adopted for the hydrotropism assays of pea roots (see Supplementary Fig. S1 at JXB online). Seedlings were fixed vertically with insect pins to the side of a Styrofoam block wrapped in layers of wet cheesecloth so that ~20 mm of the root was suspended vertically, with the root tips growing down. A 1% agar block (1 × 1×1 mm) containing -1.0 MPa sorbitol was placed on one side of the root-tip end and a plain agar block was placed on the opposite side. The seedling holder was enclosed in an acrylic chamber (310 × 335 × 460 mm), in which the air humidity was nearly saturated. After 8 h of hydrostimulation with water-potential gradients, seedlings were photographed using a digital camera (EOS5D MarkII with macro-lens EF100 F2.8; Canon). ImageJ was used to obtain root growth and curvature from these photographs. Chemical treatments 3-Chloro-4-hydroxyphenylacetic acid (CHPAA), p-chlorophenoxyisobutyric acid (PCIB), 9-hydroxyfluorene-9-carboxylic acid (HFCA), and 1-naphthylphthalamic acid (NPA) were purchased from Tokyo Kasei Kogyo Co. (Tokyo, Japan). 2,3,5-Triiodobenzonic acid (TIBA) and l-kynurenine (Kyn) were purchased from Sigma (St. Louis, MO, USA). 1-Naphthoxyacetic acid (1-NOA) was purchased from Acros Organics (Geel, Belgium). All chemicals were prepared at 1000× concentrations in DMSO, and these stock solutions were diluted to their final concentrations in 1% agar plates.
Seedlings of rice and Lotus were pre-treated with these chemicals by placing them on the appropriate agar plates for 90 min before hydrotropism and gravitropism assays (Fig. 1) . Agar plates used in hydrotropism and gravitropism assays contained the same concentrations of chemicals used in pre-treatments, and thus seedlings were chemically treated across the entire period of an experiment (Fig. 1) . In control experiments, an equivalent volume of DMSO was added to the 1% agar plate. For studies of the curvature kinetics of gravitropism and hydrotropism in rice and Lotus roots (Figs 2, 3) , the root length and curvature of the seedlings treated with inhibitors were measured, as described above, at the two time points between which the curvature was approaching the plateau (maximum curvature) but prior to this plateau. These time points were 2 h and 4 h after gravistimulation in rice, 4 h and 8 h after gravistimulation in Lotus, 4 h and 8 h after hydrostimulation in rice, and 6 h and 12 h after hydrostimulation in Lotus. For studies investigating Kyn as an inhibitor of auxin biosynthesis, exogenous auxin [indole-3-acetic (IAA)] was applied at different concentrations to rice and Lotus seedlings to determine whether it canceled the inhibitory effect of Kyn on gravitropism and hydrotropism. For treatments of pea roots, seedlings were vertically placed on 1% agar plates containing each concentration of the chemical in a closed chamber for 2 h (Takano et al., 1995) . Seedling roots were then exposed to water-potential gradients by applying agar blocks to the root-tip end. Both plain and sorbitol agar blocks also contained the chemicals at appropriate concentrations. 
De-tipping of roots
For de-tipping experiments, a seedling with a 10-20 mm root was placed under a stereomicroscope and a length measuring 0.2, 0.5, 0.7, 1.0, or 1.5 mm was surgically removed from the root tip using a micro-blade (Micro Feather Blade #K-715, Feather Safety Razor Co., Osaka, Japan). The length of the root tip to be removed was measured using a micro-ruler (MR-2) with a minimum scale value of 0.05 mm (Kenis Limited, Osaka, Japan). Seedlings with de-tipped roots were used for hydrotropism and gravitropism assays, as described above. Seedlings with intact roots were used as controls in all experiments.
Statistical analysis
Root growth and curvature data obtained with ImageJ were statistically analyzed with the Student's two-tailed t-test at P < 0.05 using Excel (Microsoft, Redmond, WA, USA) or with the Tukey HSD test at P<0.05 using KaleidaGraph (Synergy Software, Reading, PA, USA).
Results
Time-course studies of hydrotropism in rice and Lotus roots
As described above, gravitropism interferes with hydrotropism, and, in some plant species, the gravitropic response needs to be reduced by clinorotation or mutation in order to observe hydrotropism in roots. We therefore used time-course studies to investigate whether rice and Lotus roots showed hydrotropic responses under stationary conditions. Figure 2 shows gravitropic and hydrotropic curvatures and elongation growth in rice roots measured every 2 h over 8 h. Upon gravistimulation, rice roots steadily curved downward and showed a curvature of ~70° by 4 h after gravistimulation ( Fig. 2A ). There were no significant differences in root growth between gravistimulated and control roots (Fig. 2B ). Rice roots, however, developed positive hydrotropic bending rather slowly in comparison with their gravitropic response, and hydrotropic curvature did not reach 70-80° until 8 h after hydrostimulation (Fig. 2C , E-H). Rice roots grew a little less in this assay system compared with growth in the gravitropism assay, but although roots were slightly shorter 8 h after hydrostimulation, no other significant differences were observed between hydrostimulated and control roots (Fig. 2D) .
Lotus roots took 6 h following gravistimulation to bend by ~70° (Fig. 3A) . No differences were observed in root growth between gravistimulated and control roots (Fig. 3B) . The hydrotropic response of Lotus roots was a little slower than the gravitropic response, as observed for rice roots, but 8 h after hydrostimulation their curvature was ~50° (Fig. 3C , E-H). Non-hydrostimulated (control) roots grew similarly in the hydrotropism and gravitropism assays, but growth was significantly less when roots were hydrostimulated in the presence of a moisture gradient (Fig. 3D) . Growth rates of rice roots responding to gravitropic and hydrotropic stimulation were ~0.4 mm h −1 and 0.3 mm h −1
, respectively, and ~0.3 mm h −1 and 0.2 mm h −1 , respectively, in Lotus. The slower growth rate of Lotus roots was assumed to result from the lower temperature during the assay period. Although the curvature kinetics differed between gravitropism and hydrotropism as well as between rice and Lotus roots, the results implied that hydrotropism overcame gravitropism in roots of both species under stationary conditions. We therefore used this system for further experiments.
Effects of inhibitors of auxin transport, action, and biosynthesis on hydrotropic and gravitropic responses of rice and Lotus roots
CHPAA inhibits the activity of AUX1, an auxin influx carrier, whereas TIBA inhibits activity of the auxin efflux carriers PIN proteins (Geldner et al., 2001; Parry et al., 2001; Dhonukshe et al., 2008) . PCIB inhibits auxin-inducible degradation of Aux/IAAs, transcriptional repressors that are negative regulators of auxin-inducible gene expression and degraded by binding of auxin to TIR1/AFBs (Oono et al., 2003) . In the biosynthesis pathway of auxin (IAA), TRYPTOPHAN AMINOTRANSFERASE OF ARABIDOPSIS1/ TRYPTOPHAN AMINOTRANSFERASE RELATED (TAA1/TAR) catalyzes the step from tryptophan to indole-3-pyruvic acid. Kyn inhibits IAA biosynthesis by blocking TAA1/TAR activity (He et al., 2011) . The roots of rice and Lotus seedlings were treated with these inhibitors, and their hydrotropic and gravitropic responses were compared to examine the involvement of auxin in hydrotropism in each species. Based on the curvature kinetics obtained from the gravitropic and hydrotropic responses in rice and Lotus roots (Figs 2, 3) , we selected two time points at which to measure root curvature and growth in each species and condition. Figure 4 shows the gravitropic responses and elongation growth of rice roots following applications of CHPAA, TIBA, PCIB, or Kyn. The curvature of rice roots was ~50° and 70° at 2 h and 4 h after gravistimulation, respectively. This gravitropic response was significantly reduced by application of 10 -6 M and 10 -5 M CHPAA, an inhibitor of auxin influx (Fig. 4A) ; these concentrations of CHPAA did not inhibit elongation growth (Fig. 4B) . When rice roots were treated with 10 -4 M CHPAA, their gravitropic responses were dramatically reduced; however, root elongation of treated roots was ~50% less than elongation of control roots (Fig. 4A, B) . We observed similar inhibitory effects of TIBA and PCIB on gravitropism and elongation growth of rice roots (Fig. 4C-F) . The inhibitory effect on curvature was most pronounced in rice roots treated with 10 -6 M and 10 -5 M TIBA, although these concentrations did not significantly inhibit elongation growth. An inhibitor of auxin biosynthesis, Kyn, also significantly reduced gravitropic responses at all concentrations tested without inhibiting elongation growth, and, in fact, the highest concentration (10 -4 M) of Kyn significantly promoted root elongation (Fig. 4G, H) . The effects of the inhibitors CHPAA, TIBA, PCIB, and Kyn on gravitropic responses of Lotus roots resembled those observed in rice roots (Fig. 5) . Application of these inhibitors at 10 -6 M significantly reduced the gravitropic response without inhibiting root elongation (Fig. 5A-H) . Again, Kyn reduced gravitropism in Lotus roots, and, at higher concentrations, stimulated elongation growth. These results suggest that both rice and Lotus roots require auxin biosynthesis, influx, efflux, and response for the induction of the gravitropic response. Figure 6 shows the effects of CHPAA, TIBA, PCIB, or Kyn applications on the hydrotropic response and elongation growth of rice roots. There was a relatively large variation in hydrotropic curvature. Rice roots treated with CHPAA, TIBA, or PCIB at concentrations of 10 -6 M or 10 -5 M showed significant reductions in hydrotropism without inhibition of elongation growth (Fig. 6A-F) . Application of these inhibitors at 10 -4 M dramatically reduced hydrotropism but also reduced elongation growth in rice roots. Applications of 10 -6 -10 -4 M Kyn significantly reduced the hydrotropic response of rice roots, and this was accompanied by enhanced elongation growth at the highest concentration (Fig. 6G, H) . These results suggested that, in addition to their effects on the gravitropic response, auxin biosynthesis, influx, efflux, and response play important roles in hydrotropism of rice roots.
Application of TIBA, an inhibitor of auxin efflux, to roots of the agravitropic pea mutant ageotropum resulted in a reduced hydrotropic response, as reported previously (Takahashi and Suge, 1991) (Supplementary Fig. S2 ). Experiments revealed that other inhibitors of auxin transport and action, including PCIB, HFCA, NPA, CHPAA, and 1-NOA, also inhibited the hydrotropic response of pea roots. Figure 7 shows the effects of inhibitor application on hydrotropism and elongation growth of Lotus roots. In contrast to their inhibitory effects on gravitropism, applications of CHPAA, TIBA, and PCIB did not usually reduce hydrotropic responses of Lotus roots, although treatment with 10 -4 M TIBA dramatically inhibited both the hydrotropic response and elongation growth.
Interestingly, in Lotus roots treated with 10
-4 M CHPAA, 10 -6 M and 10 -5 M TIBA, and 10 -4 M PCIB, there was a significant enhancement of hydrotropism, even though some of these treatments also inhibited root elongation ( Fig. 7A-F) . Lotus roots treated with Kyn at any concentrations showed substantial reductions in hydrotropism (Fig. 7G) . Elongation growth in Lotus roots treated with
10
-6 M or 10 -5 M Kyn was similar to that of the control roots, but application of 10 -4 M Kyn significantly stimulated root elongation (Fig. 7H) . As both elongation growth and hydrotropic responses of Lotus roots were relatively small compared with those of rice roots, we used time-course studies to examine further elongation growth and hydrotropic curvatures of rice and Lotus roots treated with the inhibitors (Supplementary Figs S3, S4 ). Representative photographs of rice and Lotus roots at each time point confirmed the results described above. An incremental increase in root length during the assay and inhibition of hydrotropism following CHPAA, TIBA, PCIB, or Kyn applications were observed in rice but not in Lotus, other than the inhibitory effect of Kyn. Figure 8 shows the recovery of the hydrotropic response following application of exogenous IAA to roots of rice and Lotus seedlings treated with Kyn. As expected, application of 10 -6 M Kyn inhibited the hydrotropic response without causing significant growth retardation in both species. However, subsequent application of 5 × 10 -7 M exogenous IAA resulted in a partial recovery of the hydrotropic response in rice, and treatment with 10 -6 M or 10 -5 M IAA completely reversed the inhibitory effect of Kyn on hydrotropism (Fig. 8A) . Application of 10 -7 -10 -5 M IAA to Lotus partially or completely canceled the inhibitory effect of Kyn on the hydrotropic response, and higher concentrations of IAA (5 × 10 -6 M or 10 -5 M) inhibited elongation growth of Kyntreated roots (Fig. 8B, D) .
Thus, application of CHPAA, TIBA, PCIB, and Kyn resulted in significant inhibition of hydrotropism and gravitropism in rice and pea roots. In Lotus roots, Kyn inhibited the hydrotropic response, but the effects of CHPAA, TIBA, and PCIB depended on the concentration, with higher concentrations accelerating the response. These chemicals did, however, inhibit the gravitropic response of Lotus roots.
Effects of de-tipping on hydrotropism and gravitropism of rice roots
Columella cells in the root cap perceive gravity and play a key role in transporting auxin to the lower side of gravistimulated roots, and this ultimately causes gravitropic bending of the root proper (Strohm et al., 2012) . To examine the role of the root cap in gravitropic and hydrotropic responses, the roots of rice seedlings were de-tipped and exposed to gravistimulation and hydrostimulation. We conducted these experiments with rice roots because, although Lotus roots appeared to show Seedlings were treated with 10 -6 M Kyn for 2 h, and transferred to an agar plate containing 10 -6 M Kyn. Before the commencement of hydrostimulation, the uppermost region of seedlings, including cotyledons, was covered with a piece of filter paper (3 × 3 mm) containing exogenous IAA at different concentrations. Root growth and curvature were measured following hydrostimulation for 8 h. Data represent the means ± SD of three independent experiments (n=25-33). The different lowercase letters indicate significant differences between conditions, determined using the Tukey HSD test at P<0.05. (This figure is available in colour at JXB online.) hydrotropism independently of auxin, the question remained as to whether root cap-mediated auxin transport was involved in the auxin regulation of hydrotropism in rice roots. When the final 0.2 mm, including the root cap, was removed from the root tip, the de-tipped roots showed substantially reduced gravitropism, but their hydrotropic responses were the same as those of intact roots ( Fig. 9; Supplementary Fig.  S5 ). Removing 0.5 mm from the root tip resulted in a slight reduction of hydrotropism (Fig. 9, Supplementary Fig. S6) ; however, when 0.7 mm was removed, the de-tipped roots lost the hydrotropic response without a significant inhibition of elongation growth (Supplementary Fig. S6 ). Excision of >1 mm from root tips caused a substantial reduction in both elongation growth and hydrotropic curvature in rice roots (Supplementary Fig. S6 ). These results suggested that rice roots did not require the root cap for the induction of hydrotropism.
Discussion
Roots exhibit hydrotropism as well as gravitropism in various plant species Moriwaki et al., 2013) . However, it can be difficult to observe and evaluate the hydrotropic response because gravitropism interferes with hydrotropism in roots. In some plant species, such as cucumber and peas, the gravitropic response needs to be impaired or reduced by mutation or clinorotation in order to observe the hydrotropic response of roots (Takahashi et al., 1996; Mizuno et al., 2002) . In Arabidopsis roots, although interference between hydrotropism and gravitropism occurs, the hydrotropic response overcomes gravitropism and is observable under stationary conditions Kobayashi et al., 2007) . This type of vigorous hydrotropic response has also been reported in the roots of wheat and maize (Takahashi and Scott, 1991; Oyanagi et al., 1995) .
To establish a basis for understanding the molecular mechanism of hydrotropism and its diversification, we examined the hydrotropic responses displayed by two model plants, rice and Lotus. Rice (Oryza sativa) is a semi-aquatic plant widely used for molecular genetic studies of monocot plants. The land plant Lotus (Lotus japonicus) has become a model plant for genomic studies of legumes, particularly with reference to rhizobial and arbuscular mycorrhizal symbiosis, as described earlier. The roots of both rice and Lotus underwent hydrotropic bending in response to a moisture gradient established between water-rich agar and a saturated solution of K 2 CO 3 in a closed chamber. The hydrotropic response was somewhat faster and larger in rice roots than in Lotus roots over the period of the assay. This could result from slower growth of Lotus or from differences between species in responsiveness to moisture gradients and gravity. It is clear, however, that both rice and Lotus roots displayed a hydrotropic response capable of overcoming their gravitropism.
The plant hormone, auxin, plays a key role in tropisms because asymmetrical distribution of auxin causes differential growth of plant organs. Asymmetrical transport and Fig. 9 . Effects of de-tipping on elongation growth and hydrotropic curvature in rice roots. (A and B) Hydrotropic curvature (A) and elongation growth (B) of roots when 0.2 mm was removed from the root tips. Seedlings with de-tipped roots were placed in the H 2 O and K 2 CO 3 chambers for nonhydrostimulation and hydrostimulation, respectively. (C and D) Hydrotropic curvature (C) and elongation growth (D) of roots when 0.5 mm was removed from the root tips. Data represent the means ± SD of three independent experiments (n=28-31). The different lowercase letters indicate significant differences between conditions, determined using the Tukey HSD test at P<0.05. Removing 0.2 mm from the root tip did not affect either elongation or hydrotropic response, but removing 0.5 mm from the root tip slightly reduced the hydrotropic response without inhibiting elongation.
redistribution of auxin is critical in the development of gravitropic bending of gravistimulated roots (Haga and Iino, 2006; Takahashi et al., 2009) . As described in the Introduction, a similar mode of auxin involvement in hydrotropism is indicated in pea and cucumber roots (Takahashi and Suge, 1991; Mizuno et al., 2002) . It is likely, however, that the hydrotropic response of Arabidopsis roots is induced independently of auxin transporters Kaneyasu et al., 2007) . Early work reported that the auxin response, but not auxin polar transport, played a role in hydrotropism of Arabidopsis roots (Kaneyasu et al., 2007) but, more recently, Shkolnik et al. (2016) suggested that auxin negatively regulated hydrotropism. We examined pharmacologically the roles of auxin transport, action (response), and biosynthesis in hydrotropism and gravitropism of rice and Lotus roots. Inhibitors of auxin influx (CHPAA), auxin efflux (TIBA), auxin action (PCIB), and auxin biosynthesis (Kyn) inhibited the gravitropic responses of both rice and Lotus roots (Figs 4, 5) . These results are in agreement with previous reports from other plant species (Lee et al., 1984; Kim et al., 2000; Parry et al., 2001; Dhonukshe et al., 2008) .
CHPAA is an inhibitor of auxin influx with an effect mediated by the AUX1 protein (Parry et al., 2001) . This inhibitor blocks gravitropism but not hydrotropism in Arabidopsis (Kaneyasu et al., 2007) . We found that although CHPAA caused a decrease in the hydrotropic response of rice roots, even at a low concentration (10 -6 M), Lotus roots treated with 10 -6 M and 10 -5 M CHPAA showed similar hydrotropism to non-treated control roots, and that CHPAA at a higher concentration (10 -4 M) accelerated the hydrotropic response (Figs 6, 7) . This suggested that an auxin influx carrier was required for root hydrotropism in rice but not in Lotus. TIBA, which is known to inhibit auxin efflux by blocking vesicle motility, actin cytoskeleton dynamics, and PIN1 cycling (Geldner et al., 2001; Dhonukshe et al., 2008) , also reduced the hydrotropic response of rice roots. This implies that auxin transport, mediated by its efflux carriers such as PINs, functions in hydrotropism of rice roots as it does in gravitropism (Friml and Palme, 2002) . In Lotus roots, however, TIBA application significantly accelerated the hydrotropic response (Fig. 7) . Similar results were observed in PCIB-treated roots of rice and Lotus seedlings. The chemical structure of PCIB is similar to that of a synthetic auxin, 4-chlorophenoxyacetic acid, and it therefore competitively inhibits the physiological responses induced by auxin (Grotha, 1976) . PCIB inhibits the auxininducible degradation of Aux/IAAs, negative regulators of auxin-inducible gene expression that are degraded by binding of auxin to TIR1/AFBs (Oono et al., 2003) . We found that PCIB treatment inhibited the hydrotropic response of rice roots but not of Lotus roots (Figs 6, 7) . In Lotus roots, application of 10 -5 M and 10 -4 M PCIB enhanced the hydrotropic response. The reduction in gravitropism in Lotus roots treated with CHPAA, TIBA, and PCIB may explain, at least in part, their enhanced hydrotropism, as under these conditions there is less interference between the gravitropic and hydrotropic responses.
In contrast, Kyn, which inhibits IAA biosynthesis by blocking TAA1/TAR activity (He et al., 2011) , reduced the hydrotropic response of both rice and Lotus roots without inhibiting elongation growth. Inhibition of the hydrotropic response by Kyn was rescued by application of exogenous IAA in both species. This suggests that auxin is required for hydrotropism in both rice and Lotus, although the response mechanism differs between them. It is therefore possible that auxin receptors such as TIR1/AFBs are responsible for regulating hydrotropism in rice roots but not in Lotus roots. As auxin-binding proteins other than TIR1/AFBs have been reported (Tromas et al., 2010; Chen and Yang, 2014; , and because hydrotropism is inhibited by Kyn but not by PCIB, it is likely that hydrotropism of Lotus roots is mediated by an auxin signaling mechanism other than the TIR1/AFBs pathway. AUXIN BINDING PROTEIN 1 (ABP1) was characterized recently, and it was proposed that this protein plays an important role in auxin signaling (Tromas et al., 2010; . ABP1 is required for various aspects of the response to auxin, but inactivation of ABP1 affected neither the polar localization of PIN proteins nor auxin gradients at the root tip (Tromas et al., 2010) . ABP1 inactivation did, however, cause a rapid reduction in the accumulation of Aux/IAA transcripts, raising the question as to how the ABP1 and TIR1/AFBs pathways interact with one another (Tromas et al., 2010) . Furthermore, the ABP1-mediated effect of auxin on microtubules participates in the gravitropic response . Thus, both the ABP1 and TIR1/AFBs pathways are likely to be involved in auxinmediated cell expansion responses, including gravitropism. To understand the regulatory mechanism of hydrotropism and its difference from gravitropism in roots, it is important to clarify the relationship between the ABP1 and TIR1/AFBs pathways and/or other unidentified auxin signaling pathways. We found, however, that treatment of Arabidopsis roots with Kyn accelerated the hydrotropic response (data not shown). This supports the idea that auxin plays a negative role in hydrotropism of Arabidopsis roots (Shkolnik et al., 2016) and thus that the manner of auxin's involvement in hydrotropism differs, even between Lotus and Arabidopsis roots.
The roots of an agravitropic pea mutant showed positive hydrotropism, but this was significantly reduced by application of CHPAA, TIBA, or PCIB ( Supplementary Fig. S2 ). Other inhibitors of auxin transport, HFCA, NPA, and 1-NOA, also effectively reduced the hydrotropic response of pea roots (Supplementary Fig. S2 ). These findings from rice and pea roots are concordant with those from cucumber roots (Mizuno et al., 2002) , but differ from those from Lotus and Arabidopsis roots. Arabidopsis roots treated with TIBA and roots of the pin2 mutant show normal hydrotropism Kaneyasu et al., 2007) but impaired or significantly reduced gravitropism (Müller et al., 1998; Kaneyasu et al., 2007; Dhonukshe et al., 2008) .
This study suggests that hydrotropism of both Lotus and Arabidopsis roots occurs independently of polar auxin transport Kaneyasu et al., 2007; Takahashi et al., 2009; Shkolnik et al., 2016; Figs 7, 8) . MIZ1, an essential gene for hydrotropism in Arabidopsis roots, is involved in regulating endogenous auxin levels (Moriwaki et al., 2011) . MIZ1 negatively regulates auxin levels in roots, and overexpression of MIZ1 increases the hydrotropic response (Moriwaki et al., 2011; Miyazawa et al., 2012) . This suggests that auxin is required for the hydrotropic response in Arabidopsis roots but inhibits hydrotropism when in excess. This idea is plausible, since inhibition of auxin biosynthesis by Kyn decreased the hydrotropic response, event in Lotus roots (Figs 7, 8) . It would be worthwhile investigating whether regulation of auxin levels by a homolog of MIZ1 is responsible for hydrotropism in Lotus roots.
Asymmetrical transport and distribution of auxin are implicated in the hydrotropic responses in some plant species; for example, clinorotated cucumber roots show a hydrotropic response in the presence of moisture gradients, accompanied by higher expression of an auxin-inducible gene on the wet side of the roots (Mizuno et al., 2002) . Roots of an agravitropic pea mutant also show a hydrotropic response, but this is inhibited by TIBA application (Takahashi and Suge, 1991) . Our study clearly demonstrated that the mode of auxin involvement in hydrotropism was similar to that in gravitropism in rice and pea roots. On the other hand, auxin involvement in hydrotropism was different from that in gravitropism in Lotus roots. Due to the fact that both pea and Lotus belong to the Fabaceae family, hydrotropism in roots of plants from the same group of legumes may be controlled by different mechanisms. It is probable that these have evolved over the course of plant differentiation into genera or species. Genotypic or species differences in the mechanistic aspects of tropisms have been emphasized recently (Vandenbrink and Kiss, 2016) . Root tropism, for example, is spatially and temporally involved with various tissues, such as the root cap, meristem, transition, elongation, and mature zones, and the phenotypes of these tissues differ between different genotypes or species. Likewise, the regulatory mechanisms for tropisms often differ depending upon genotype or species. It is important to understand why different species of plants have developed different mechanisms for controlling hydrotropism. It may relate to the surrounding environment in which plants evolved, for example upland, aquatic, or extreme climatic conditions. In this study, we found that roots of the semi-aquatic plant rice possess a hydrotropic mechanism similar to that of cucumber and peas. Lotus plants inhabit a wide range of areas, including wetlands and uplands. At present, however, we cannot account for the diversification of hydrotropism mechanisms simply from knowing a plant's habitat or phylogeny. Thus, these questions need to be answered in future studies.
The root cap plays important roles in root gravitropism, not only in sensing gravity but also in transporting auxin. Re-localization of PIN3/PIN7 auxin efflux carriers following graviperception by the columella cells in the root cap triggers the downward movement of auxin, which is then transported by the PIN2 auxin efflux carrier from the root cap to the elongation zone along the lower side of the gravistimulated Arabidopsis roots (Strohm et al., 2012) . To examine the role of root cap-mediated auxin transport in hydrotropism, we removed the root cap and examined hydrotropism of the de-tipped roots of rice seedlings ( Fig. 9; Supplementary Fig.  S5 ). The removal of the root cap did not affect hydrotropism in rice roots; it did, however, inhibit the gravitropic response in rice roots. These results differ from previous reports showing that the removal of the root cap reduced the hydrotropic response (Jaffe et al., 1985; Takahashi and Suge, 1991) . Those reports need to be re-considered as they probably depend upon the region of the root tip removed, as shown in this study (Figs 9; Supplementary Figs S5, S6) .
Taken together, the data suggest that root cap-mediated auxin transport is required for gravitropism but not for hydrotropism in rice roots. Nevertheless, the results obtained from rice roots imply that auxin transport plays an important role in hydrotropism and suggest that an auxin source in the meristem, transition, and/or elongation zone(s) induces hydrotropism. They also suggest that the root caps of rice roots possess an apparatus for sensing gravity but not moisture gradients. We still do not know the nature of the apparatus or which cells sense the moisture gradient; however, either could reside in the transition or elongation zone and, from there, regulate auxin transport in rice or exert the unique response to auxin in Lotus roots. Arabidopsis asymmetrically forms lateral roots in response to moisture gradients (Bao et al., 2014) . This response is called hydropatterning and its regulatory mechanism differs from that of hydrotropism, as the former depends on auxin transport and distribution but the latter does not Bao et al., 2014; Shkolnik et al., 2016) .
In conclusion, this study demonstrated that the mode of auxin involvement in hydrotropism differs between plant species. In rice roots, auxin transport and redistribution are essential for the induction of hydrotropism, but the mechanism leading to auxin redistribution in the elongation zone differs between the hydrotropic and gravitropic responses. In contrast, it appears that the hydrotropic response of Lotus roots is regulated by a novel mechanism, which is independent of polar auxin transport and the TIR1/AFBs pathway.
Supplementary data
Supplementary data are available at JXB online. Fig. S1 . Schematic diagram of the experimental system for the hydrotropism study with ageotropum peas. Fig. S2 . Hydrotropic responses of roots of the agravitropic pea mutant, ageotropum, following application of an auxin action inhibitor (PCIB), auxin efflux inhibitors (HFCA, NPA, and TIBA), and auxin influx inhibitors (CHPAA and 1-NOA). Fig. S3 . Hydrotropic responses of rice roots following application of inhibitors of auxin influx (CHPAA), auxin efflux (TIBA), auxin action (PCIB), and auxin biosynthesis (Kyn). Fig. S4 . Hydrotropic responses of Lotus roots following application of inhibitors of auxin influx (CHPAA), auxin efflux (TIBA), auxin action (PCIB), and auxin biosynthesis (Kyn). Fig. S5 . Gravitropic responses of de-tipped roots of rice seedlings. Fig. S6 . Reduction of hydrotropism in rice roots by removing 0.5 mm or more from the root tip.
